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Motivation
Non-Newtonian fluids are widely encountered in industrial applications, for instance in coal-based power plants, food or petroleum industry. The transportation of these fluids is usually performed by pumping them via pipelines, in which -notably due to skin friction -pressure drop is observed. In the case of Newtonian fluids, this pressure loss depends primarily on the Reynolds number and on the roughness of the pipe (in the turbulent regime). However, in the case of non-Newtonian fluids, even defining the Reynolds number is not straightforward and introducing new parameters (such as the Hedström number) is also needed. When designing pipeline systems, one has to estimate the pressure losses to choose the suitable pumps and pipe diameters, which is often cumbersome due to the lack of experimental and theoretical guidelines. This study focuses on the possibility of employing Computational Fluid Dynamics (CFD) techniques for friction factor prediction of non-Newtonian fluids. We chose a simple, standard geometry (straight pipe). First, the accuracy of the CFD setup (mesh, turbulence model, etc.) is demonstrated in the case of water. Then, a power-law fluid (Carbopol 971 solution) is examined experimentally and numerically and it is confirmed that by introducing the modified Reynolds number given in [1] , the classic friction factor formulae can be used. In the case of the Bingham plastic fluids, CFD simulations were performed and friction factor curves for several Hedström numbers are reported which were found to be consistent with the corresponding literature.
Literature overview
For purely viscous fluids (notably power law fluids), several experimental results can be found in the literature, see [1] - [7] . The most important results of these studies is that with the help of the modified Reynolds number (given by Equation (5)), the classic Moody diagram is applicable for such fluids. Moreover, the Poiseuille and Blasius correlations and the critical Reynolds number for laminar-turbulent flow remain valid.
In terms of Bingham plastic fluids, fewer studies were found. Reference [6] gives the Moody graph for Bingham plastic fluids, F igure 1. Rheology of (a) C arbopol 971 Solution, (b) Bingham plastic fluids. In both F igures water is shown by the red dash-dot line. Figure 2 presents a sketch of the experimental set-up with the main elements. It consists of centrifugal pump (element 1), which pumps the fluid through the system from a tank. The flow rate was set by a control valve (element 2). Two pressure taps were mounted (p 1 , p 2 ) to measure the pressure drop with the help of a multimanometer, in which the fluid was water. Before the first pressure tap, more than 15 diameter long (appr. 310 mm) straight pipe was mounted to provide a fully developed velocity profile [17] . The system also contains a Venturi pipe (element 3) to measure the flow rate based on calibrated p(Q) curve. 20 millimetres was the inlet diameter and 298 millimetres was the length of the examined part of the pipe. The diameter of the vena contracta in the Venturi pipe was 11 millimetres where the pressure (p 4 ) was measured.
E xperimental set-up
F igure 2. T he sketch of the experimental set-up.
that shows that upon increasing the yield stress (Bingham number) the laminar segment is shifted right (i.e. the friction factor increases and the laminar-turbulent transition appears at higher Reynolds numbers). Reference [8] summarizes some aspects of the computational challenges when simulating Bingham flows. Explicit equations for several problems occurring in every-day engineering life are given in Reference [9] . References [10] - [12] summarize the analytical solutions and contain several experimental and numerical results. The recent developments in CFD techniques allows the modelling of non-Newtonian flows and the prediction of flow losses, see [13] - [16] for such studies. However, it seems that the potential of CFD techniques is not fully exploited, probably mostly due to the uncertainties around the behaviour of the turbulence models in the case of non-Newtonian fluids.
Experimental
Carbopol 971 solution
In this part of the study, the material properties of the Carbopol 971 solution are presented. The rheological measurements were performed in the laboratory of Department of Hydrodynamic Systems. The analysed solution contains 0.13% Carbopol 971, 0.05% NaOH and 99.82% water. The NaOH was needed to set the pH-value to approximately 7. The measurement of the rheology was performed with a Rheotest 2 RV2 rotational viscosimeter. Figure 1 .a presents the results of the rheological measurements and the curve fit of the shear stress-shear rate relationship described by
with µ PL consistency index and n PL flow behaviour index (see e.g. [1] for details). The actual values are µ PL = 0.1334 [Pa s
n PL ] and n PL = 0.7266 in our case.
Bingham plastic fluids
In the case of Bingham plastic fluids, the rheology can be described by
(again, see [1] for details) with µ B viscosity consistency and τ yield yield stress. In the case of Bingham plastic fluids, another important dimensionless number highlighting the importance of yield stress is the Hedström number, which is defined as (see [3] )
with D pipe diameter and ρ density. In the computations the pipe diameter, the density, and the yield stress were set to constant values, and the viscosity consistency was varied to perform the analysis at different Hedström numbers. Table 1 presents the typical values of these material and geometrical properties. In this case the Reynolds number, Re can be defined as (see [3] for details) Figure 1 .b presents these rheological curves for different Hedström numbers. For comparison, both diagrams contain the rheology of water. Figure 3 presents a sketch of the experimental set-up with the main elements. The test rig consists of a centrifugal pump (element 1), which pumps the fluid through the system from a tank. The flow rate was set by a control valve (element 2). Two pressure taps were mounted (p 1 , p 2 ) to measure the pressure drop with the help of a multimanometer, in which the fluid was water. Before the first pressure tap, more than 15 diameters long (appr. 3. C F D set-up A fully structured grid was built with the help of ICEM CFD, consisting of approximately 32 000 elements. This spatial resolution was found to be suitable to obtain grid-independent solutions (see Figure 3 ). Due to the axisymmetry, only 10 degrees were modelled and periodicity was prescribed which allowed the drastic decrease of the problem size (purple arrows in Figure 4 ). The length of the pipe was 10 meter, which was found to be long enough to develop a proper velocity profile. Ansys CFX 13.0 was used as flow solver, steady state computations were performed. Highresolution spatial scheme was used for all of the equations, except for the turbulence model, for which first-order numerics was set. The actual turbulence model was the SST model. One computation typically needed approx. 5000 -25000 iteration steps and about 5-15 hours on a 310 mm) straight pipe was mounted to provide a fully developed velocity profile [17] . The system also contains a Venturi pipe (element 3) to measure the flow rate based on calibrated p(Q) curve. 20 millimetres was the inlet diameter and 298 millimetres was the length of the examined part of the pipe. The diameter of the vena contracta in the Venturi pipe was 11 millimetres where the pressure (p 4 ) was measured.
Experimental set-up
F igure 1. Rheology of (a) C arbopol 971 Solution, (b) Bingham plastic fluids. In both F igures water is shown by the red dash-dot line. Figure 2 presents a sketch of the experimental set-up with the main elements. It consists of centrifugal pump (element 1), which pumps the fluid through the system from a tank. The flow rate was set by a control valve (element 2). Two pressure taps were mounted (p1, p2) to measure the pressure drop with the help of a multimanometer, in which the fluid was water. Before the first pressure tap, more than 15 diameter long (appr. 310 mm) straight pipe was mounted to provide a fully developed velocity profile [17] . The system also contains a Venturi pipe (element 3) to measure the flow rate based on calibrated p(Q) curve. 20 millimetres was the inlet diameter and 298 millimetres was the length of the examined part of the pipe. The diameter of the vena contracta in the Venturi pipe was 11 millimetres where the pressure (p4) was measured.
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F igure 2. T he sketch of the experimental set-up. Fig. 3 . The sketch of the experimental set-up.
Validation
As a first step, both the CFD technique and the test rig were validated with the help of the theoretical results of the friction factor of the water, which is well-known from the literature [2] . The measurements were performed between Reynolds number range of 10 000 and 30 000, which are shown by the green dots with the error bars, Figure 2 .b. As it can be seen, both techniques gave fairly close results thus judged to be reliable enough for further computations. The slightly higher values in the case of the measurements are due to the fact that the measured pipe was not hydraulically smooth.
CFD set-up
A fully structured grid was built with the help of ICEM CFD, consisting of approximately 32 000 elements. This spatial resolution was found to be suitable to obtain grid-independent solutions (see Figure 2) . Due to the axisymmetry, only 10 degrees were modelled and periodicity was prescribed which allowed the drastic decrease of the problem size (purple arrows in Figure 4) . The length of the pipe was 10 meter, which was found to be long enough to develop a proper velocity profile.
Ansys CFX 13.0 was used as flow solver, steady state computations were performed. High-resolution spatial scheme was used for all of the equations, except for the turbulence model, for which first-order numerics was set. The actual turbulence model was the SST model. One computation typically needed approx. 5000-25000 iteration steps and about 5-15 hours on a standard desktop PC (3.4 GHz CPU, 4 GB RAM) depending on the Reynolds number and the material properties. In most of the computations, the auto timescale option of CFX (that detects automatically the suitable time step) was sufficient for convergence, however, beyond He = 10 3 the local timescale option was needed for stable computations (for details, see [18] ).
standard desktop PC (3.4 GHz CPU, 4 GB RAM) depending on the Reynolds num material properties. In most of the computations, the auto timescale option of CFX ( automatically the suitable time step) was sufficient for convergence, however, beyo the local timescale option was needed for stable computations (for details, see [18] ). Figure 5 . presents the friction factor in the case of the Carbopol 971 solution as a function of the generalized Reynolds number Re PL (see [1] for details), defined as
Predicting the friction factor by means of measurements and CFD simulation 
which was simplified by [9] to the following explicit form: 
It can be observed, that the Newtonian form is regained in the case of the He = 0.
numbers. As it can be seen, the CFD results agree with theory not only qualitatively but also quantitatively, that is, they capture the shift of the laminar regime towards higher Reynolds numbers Moreover, the numerical technique seems to give 
Conclusions
In this study, the prediction of the friction factor in straight pipelines was presented in the the Carbopol 971 power law solution and the Bingham fluids. The first fluid was analysed experimental and numerical method (CFD) and the second one was examined with the he CFD, both models were validated. This study also contains the rheology of these non-New fluids. The presented results show a fairly good agreement with the available literature, m that CFD techniques seem to be mature enough nowadays to predict fluid losses for nonNewtonian fluids. Figure 6 depicts the friction factor for the Bingham plastic fluid case for several Hedström numbers. As it can be seen, the CFD results agree with theory not only qualitatively but also quantitatively, that is, they capture the shift of the laminar regime towards higher Reynolds numbers with increasing Hedström number. Moreover, the numerical technique seems to give reasonable values also in the turbulent regime, where slightly higher values are observed than the Blasius equation. Similar result was reported in [19] .
In this study, the prediction of the friction factor in straight pipelines was presented in the case of the Carbopol 971 power law solution and the Bingham fluids. The first fluid was analysed with experimental and numerical method (CFD) and the second one was examined with the help of CFD, both models were validated. This study also contains the rheology of these non-Newtonian fluids. The presented results show a fairly good agreement with the available literature, meaning that CFD techniques seem to be mature enough nowadays to predict fluid losses for non-Newtonian fluid with standard turbulence models.
